This article presents the behavior of an existing system combining solar collectors and heat pumps at large scale (10'000 living m², more than 1'000 m² solar collectors) for space heating and domestic hot water production, focusing on summer period. Ongoing detailed monitoring enables to measure its energy performance. The monitoring results for 2012 show a system SPF of 2.9 (2.6 in winter and 4.4 in summer). The direct solar fraction in summer is lower than 50%, which is low considering the oversizing of the solar collector area for domestic hot water production. The high domestic hot water demand ( 50 kWh/m²/yr whereas the usual value is around 20) can partly explain this low value, but other factors should also be considered. The results presented in this article are part of a research project aiming to assess the relevance of the concept of coupling solar thermal and heat pumps in various types of building (especially existing buildings with low efficient thermal envelope).
Introduction
In Switzerland, thermal energy -mainly devoted to space heating and domestic hot water production -accounts for 50% of the overall energy needs. Heat pumps could play an important role in the future energy scenarios, by the valorization of low temperature heat sources. Up to now, air, geothermal boreholes or aquifers were commonly used as heat sources, but for several years, alternative heat sources such as solar collectors or industrial waste heat are being investigated, aiming to improve the efficiency of the systems.
A specific IEA Task, namely IEA SHC Task 44 / HPP Annex 38 2 , is in charge of studying the coupling between heat pumps and solar collectors. Different authors [1] [2] [3] [4] [5] [6] [7] [8] monitored such systems in individual housing with different configurations (with glazed or unglazed collectors, geothermal boreholes, ice storage, seasonal storage…). They reported SPFs varying widely, between 2.8 and 6. However, authors generally did not focus on the behavior of the system in summer period, whereas it can be highly different depending on the hydraulic configuration of the system. During summer season, the heat demand is limited to domestic hot water. Considering the high solar irradiation, the operation of the system can be related to the operation of a traditional solar system (i.e. without heat pump), with an important fraction of direct solar production. As an example, the Solar Complex of Plan-les-Ouates (Geneva), a 11'000 m² multifamily building built in 1995, was equipped with 1'400 m² of unglazed solar collectors for heating and domestic hot water production, including a gas boiler as back-up system. The building was monitored for 3 years (1997) (1998) (1999) (2000) by the University of Geneva, and a solar fraction greater than 90% is reported in [9] during summer season.
This paper presents the summer monitoring results of a real project in Geneva (same designer as the Solar Complex of Plan-les-Ouates), implemented in 2010 where the heat for space heating and domestic hot water is produced by a system coupling heat pumps with unglazed solar collectors. 
Nomenclature

Description of the project
Research project
The results presented here are part of a research project which aims to assess the concept of coupling solar thermal collectors and heat pumps for DHW and SH in collective housing. The two main parts of the project are: 1. assess the actual operation and efficiency of an existing system implemented in a housing complex; 2. extrapolate the experimental results in different conditions (such as different sizing, different building -in particular retrofit -or different control strategy) by numerical simulation.
The final goals are: Evaluate the relevance of this concept in a technical, energy and economical point of view, in order to identify its potential of standardization; Identify the opportunities and obstacles that may appear when applying these systems in existing buildings with low quality envelope or in retrofit; Compare these systems with other market possibilities, such as heat pumps coupled with geothermal boreholes. This article presents the first part of the work, i.e. the monitoring results obtained in 2012, especially during summer. It follows a previous work [2] that detailed the system's behavior during winter.
Studied building
A system coupling solar and heat pumps was implemented in a new housing complex located in Geneva (Switzerland) finished in autumn 2010 (cf. Fig. 1 ). The complex is composed of 4 buildings, each divided into 2 or 3 blocks of 8 flats (total of 10 blocks). The buildings present a high thermal performance envelope (Minergie standard 3 ) and a total living surface of 9'552 m². 
Energy concept
The energy concept was designed and is being managed by ERTE Engineers (NB: the University of Geneva was not involved in the design of the studied system). It consists in a heat pump directly coupled to unglazed solar collectors as its heat source. Each block is equipped with its own system (totally independent from each other, i.e. 10 separate systems).
The components of each system are: a 30 kWth heat pump; 116 m² of unglazed solar collectors type "AS" from Energie Solaire SA; 6'000 L water storage; electric rod in the storage tank in case of heat pump failure. A distribution system called "Enerbus" was implemented in the buildings: the specificity is that both SH (underfloor heating) and DHW are supplied to the households by the same pipe (which means that SH and DHW cannot be delivered simultaneously: therefore each flat is equipped with a 300 L DHW storage).
The simplified system diagram is presented in Fig. 2 . The solar collectors can be used for direct solar production, via a heat exchanger, but are also directly connected to the heat pump evaporator (without storage or geothermal boreholes on the source side of the heat pump). Hence, when there is no solar radiation, the collectors work as a heat absorber on ambient air. In the following, the energy flow from the collectors will therefore be called "Solar+Ambient". Whether by direct solar production or via the HP, the produced heat is used for SH or DHW, with surplus stored for future use. The system has 4 main operating modes, with the following priorities: 1. Direct solar production: when solar radiation is sufficient, heat from the solar collectors is directly used for SH or DHW, the surplus being used to charge the thermal storage; 2. Storage discharge: if solar production does not reach the required distribution temperature; 3. Heat pump production: if previous is not possible; 4. Direct electric heating: in case of HP failure, e.g. if the evaporator temperature is below -20°C.
Methodology
Detailed monitoring was implemented in one of the 10 blocks. Instrumentation has been set up in order to understand how the system works and to evaluate its energy performance. It consists in 28 sensors (13 thermocouples, 4 electric and 5 heat meters, 6 sensors for meteorological data), that enable: 1. quantify the energy flows in the system: solar collectors (direct and to evaporator), heat pump, storage (charge and discharge), electricity (direct and to heat pump), building demand; 2. monitor the meteorological conditions: air temperature and humidity, global solar and infrared irradiation, wind velocity and direction.
The data is collected by a Campbell Scientific CR9000X data logger, which stores every 5 minutes an average or sum of the values read every 5 seconds.
The monitoring started in November 2011 for a period of two years (until October 2013).
Results and discussion
Summary of yearly results
The results obtained during winter 2012 are widely described in [2] , but the main results are reminded below. Tab. 1 presents the monthly energy flows for 2012.
The monitoring enabled to fully characterize the energy flows in the studied block for 2012. The balance error between inputs and outputs is less than 3% of the total input energy. The SH demand is very low ( 20 kWh/m² in 2012) due to the high efficient envelope of the building. On the contrary, the DHW demand is very high ( 50 kWh/m² in 2012), partly due to the high occupancy of the building. This low SH demand combined with the high DHW demand results in an unusual ratio of respectively 30% and 70% of the total heat demand of the studied block. 75% of the heat is supplied in winter (Oct-Apr), 25% in summer (May-Sep).
NB: in operating modes which do not correspond to SH or DHW distribution, a low energy flow is sometimes supplied to the households, in particular during unsteady states: it is mentioned as an "unidentified" flow in Tab. 1 (1.3 kWh/m²). The HP accounts for 81% of the total production. The SPF HP is 2.7, but monthly COP HP only varies slightly during the year (2.5 to 3), even in summer. Indeed, during this period, the HP works only to produce DHW at 60°C (when direct solar production is not sufficient): this high condenser output temperature leads to low HP performance. Moreover, it has to be noticed that the evaporator input temperature is limited to 30°C (HP protection), thus higher temperatures from the solar cannot benefit to the system.
At the level of the overall system, the "Solar+Ambient" fraction is 68% of the total energy input. As a complement (32%), the total electricity consumption is 24 kWh/m², which is low. Monthly COP System varies widely over the year, from 2.2 during cold periods to 8.6 in August (with an important direct solar part in DHW production). The SPF System is 2.9. It is at the bottom of the values reported in the literature [1] [2] [3] [4] [5] [6] [7] [8] for similar systems (mainly for individual housing), which are between 2.8 and 6. But it has to be noticed that in our case, the ratio between DHW demand (=high temperature) and SH demand (=low temperature) is reversed, which has a negative effect on the system performance since a lot of energy has to be produced at high temperature. The DHW demand during summer period (May-Sep) accounts for 35% of the yearly DHW demand. A small SH contribution is observed since the heating system is not stopped during summer, and may sometimes work during the cold night when temperature decreases in the flats. The system offers the possibility of night free cooling by circulating water from the underfloor pipes to the collectors for dissipation of the heat. However, this contribution is low (-4.6 kWh/m²); the illustration of the system behavior during this mode is shown in Section 3.5.
Summer energy flows
The "Solar+Ambient" fraction is 81%. Direct solar (i.e. without need for HP operation) accounts for 47% of the total input energy in summer. A higher value was expected considering the oversizing of the solar collector area for DHW production (this aspect is discussed in Section 3.4). The thermal storage plays an important role in the system, since 42% of the energy supplied to the households goes through the storage before use. The heat losses amount to 21% of the storage input energy. The COP System is 4.4 in summer.
Typical summer days
Illustration of the system behavior is given for two typical days during summer 2013: Fig. 4 shows the behavior of the system during a hot and sunny day (average temperature around 20°C and maximum irradiance of 1'000 W/m²) and Fig. 5 during a cloudy day (average temperature around 18°C and maximum irradiance of 850 W/m²).
On Fig. 4 and 5 Top, it can be noticed that DHW distribution is activated 4 times a day for charging individual tanks (Enerbus system). DHW distribution temperature is between 55 and 60°C (lower temperatures are observed on Fig. 4 and 5 during transitory states) . Fig. 4 shows that during this sunny day, direct solar production works from 8 a.m. to 3 p.m., until 65°C. The storage temperature (in the upper part i.e. the hottest) is at 55°C before the sun rises, and exceeds 60°C at the end of the day with solar production. On that day direct solar combined with heat storage is sufficient to meet DHW demand. Fig . 5 shows the situation for a cloudy day. Solar production is lower and reaches only 40-50°C. It is used to preheat the lower part of the tank. In the morning, the storage output temperature is still at 60°C, surplus of the previous day. DHW can be supplied most of the day by the storage, but at 9 p.m. HP is necessary since the temperature in the storage dropped below 50°C. 
Direct solar fraction
The direct solar fraction is lower than 50% in summer, which is low considering the oversizing of the solar collector area for DHW production (3.6 m² and 190 L heat storage per person, whereas the usual values are 0.5-1 m² and 40-50 L heat storage per person). Within the preliminary study [10] , we estimated a direct solar fraction greater than 80% for DHW production during summer period, but with different DHW demand hypothesis (see Tab. 2). This value can also be compared to that obtained in the Solar Complex of Plan-les-Ouates (see Section 1), equipped with the same solar collectors but without heat pump (direct solar only): Branco et al. [9] reported a solar fraction greater than 90% during summer. Tab. 2 summarizes the main hypothesis of the different case studies.
Tab. 2: Sizing characteristics of the studied building and of Plan-les-Ouates building.
Studied building Plan-les-Ouates
Monitoring Preliminary study [10] Monitoring [9] Solar collector surface (m² coll./living m²) 0 The direct solar fraction in summer is significantly higher both in Plan-les-Ouates and in the preliminary simulations ( 90%) than in the monitoring ( 50%), whereas the sizing of the solar collectors field is quite the same in both case studies (0.12-0.13 m² coll./living m²). However, the monitored DHW demand (kWh/living m²/yr) is twice higher than the one observed in Plan-les-Ouates and considered in the simulation (due to the high occupancy of the studied building).
This high DHW demand can partly explain the low direct solar fraction, but two additional factors should be considered:
1. In order to increase the heat exchange with ambient air when they are used as heat exchangers for the HP evaporator, the solar collectors are unglazed and not insulated at their rear face. As a result, they suffer increased heat losses when used as proper solar collectors in summer. In the preliminary simulation, the collectors were considered to be insulated on their rear, as it is in Plan-les-Ouates.
2. Centralized heat production with decentralized DHW storage, inherent in the Enerbus distribution system, does not allow for solar preheating of DHW, but only for heat production above 55°C. Fig 6 illustrates , for a centralized solar system, the difference between centralized DHW storage and decentralized DHW storage: In the first case (classic centralized DHW storage), the fresh water enters the solar storage and is preheated once the solar temperature exceeds 10°C. In the second case (Enerbus decentralized DHW storage), the storage is at the distribution return temperature (>40°C), thus solar production below 40°C cannot be used: the preheating of the DHW from 10 to 40°C is not possible in this configuration. The fresh water is directly heated in the individual tank with heat supplied at 55-60°C.
Night cooling
The system enables free cooling during the night by dissipating in the solar collectors the heat taken from the underfloor pipes. Fig. 7 illustrates the temperature levels in the system when night cooling works. On that night, the outdoor temperature is around 15°C. The temperature difference between input and output solar collectors is low: 2.5K. The temperature difference between input and output underfloor pipes is only 1.5K, because of the heat exchanger (see. Fig. 2 ). The effect on internal temperature in the flats is difficult to characterize but it is obviously lower than 1.5K.
The effect of night cooling is low (magnitude of 10 W/living m²): the total extracted heat in 2012 was only 4.6 kWh/living m², which cannot be considered as air conditioning. Anyway, it should be noticed that normally, dwellings are not air conditioned in Switzerland: in their study on central air conditioning in Geneva, Hollmuller et al. [11] mentioned that residential air conditioning represents only 0.4% of the total capacity.
Conclusions
A new housing complex was equipped with a system coupling solar collectors and heat pumps to provide space heating and domestic hot water. One of the blocks has been fully instrumented in November 2011 in order to monitor the performance of the system. The instrumentation enabled to fully characterize the energy flows in the system in 2012 with a good precision (less than 3% balance error between inputs and outputs).
The first monitoring results show that the energy demand of the building is unusual: the space heating demand is low ( 20 kWh/m²/yr) compared with the Swiss standards (result of the good insulation), whereas the domestic hot water demand ( 50 kWh/m²/yr) is clearly higher than the Swiss standards. The ratio of space heating and domestic hot water is respectively 30% -70%, whereas the opposite is usually observed in Switzerland. The system SPF is 2.9 in 2012 (2.6 in winter and 4.4 in summer) which is modest, partly because a significant part of the energy is produced at high temperature for domestic hot water supply ( 60°C). However, the overall electricity consumption remains low (24 kWh/m²/yr), because of the low heat demand of the building.
Direct solar fraction during summer period is lower than 50%. A higher value was expected, considering the oversizing of the solar collector field for domestic hot water production. The preliminary study predicted a value greater than 80%, and a solar fraction of more than 90% was observed in another building equipped with the same solar collectors. However, in both cases, the domestic hot water demand is two times smaller than that observed in our study. But some other factors impact the performance of the system, such as the fact that the collectors are unglazed and not insulated on their rear face (therefore they hardly reach adequate temperatures) and the hydraulic configuration of the system (Enerbus), which does not make possible solar preheating of domestic hot water.
The system allows night cooling in summer, by circulating water from the underfloor pipes to the collectors for dissipation of the heat. However, the potential is low ( 10 W/living m²) and the heat extracted from the flats in 2012 was less than 5 kWh/living m². But it has to be noticed that residential air conditioning is not an important issue in Switzerland.
